Diaphragms were dissected out intact from 29 male and 9 female cadavers at necropsy. Fifteen of the males and eight of the females were grouped as controls, having no history of chest disease. Fourteen of the males and one female gave a history of chronic bronchitis. Point-counting and other methods were employed to measure the mean area, thickness, and volume of the diaphragmatic muscle, excluding the central tendon.
Modern quantitative methods derived from the studies of geologists in the 1930s have been adapted by pathologists to measure changes in various tissue components in disease. In chronic bronchitis and emphysema, for example, the methods have been used to demonstrate enlargement of the bronchial mucous glands and hyperplasia of bronchial smooth muscle (Heard, 1969) . The amount of emphysema in a specimen of lung can be measured accurately by a choice of several different procedures. Such information, especially when compared with clinical and physiological data from the same patients, is improving our understanding of chronic bronchitis and emphysema and helping to raise standards of treatment.
Physiologists and radiologists have studied the normal functions of the diaphragm by various methods (Keefer, 1957; Bergofsky, 1964; Boyd, 1969; Mognoni, Saibene, and Sant 'Ambrogio, 1969; Simon, Bonnell, Kazantzis, and Waller, 1969) and have reported the effects of paralysis (Couch, 1953; Douglass and Clagett, 1960; McKelden Smith, 1964) , obesity (Lourenco, 1969) , and emphysema (Barach and Seaman, 1963) . Recently, it has iPresent address: Department of Pathology, The University, Southampton 2Present address: Department of Pathology, Brompton Hospital, London S.W.3, and London Chest Hospital, E.2 been shown that the excursions of the diaphragm, as measured radiologically, are directly proportional to the compliance of the lungs (Milne and Bass, 1969) .
In the present study, quantitative methods have been adapted to measure the area, thickness, and volume of muscle in the human diaphragm at necropsy. Diaphragms from chronic bronchitics were compared with others from controls with particular reference to possible hypertrophy or atrophy resulting from the abnormal mechanics of respiration in that disorder.
MATERIALS AND METHODS
Diaphragms were examined from 29 males and 9 females. Fifteen of the males gave no history of pulmonary disease in life and were termed controls, and 14 gave a clear history of chronic bronchitis, defined as chronic or recurrent excessive secretion in the bronchial tree occurring on most days for at least three months in the year, during at least two years (Ciba Guest Symposium, 1959) . Diaphragms from eight women controls and one woman with chronic bronchitis were also examined.
Approximately one-half of the chronic bronchitics died of their pulmonary disease, the others dying mostly of diseases not related to chronic bronchitis. 55
The diaphragms were obtained by a standardized dissection in which the entire muscle, the central tendon, and both crura were excised in one piece. Excess fat was removed and the diaphragm was pinned out flat on a cork board and inverted into a bath of buffered 10% , aqueous formalin for three days for fixation. Excess connective tissue was subsequently trimmed from the muscle of the fixed specimen (Fig. 1) .
The central tendon was marked out over transmitted light and excluded from the measurements. The mean area of the rest of the specimen, which was all muscle, was measured by point-counting twice with a transparent hexagonal grid marked with points 1-25 cm (0-5 in) apart, and by taking the mean of the two readings (which varied by less than 2%). The mean thickness of the muscular part was determined by making a series of incisions 3 cm long transverse to the line of the radially arranged muscle fibres and through the full thickness of the muscle. The incisions were made at 1-cm intervals along selected radii. In most diaphragms it was possible to fit 14 radii altogether. There was space for five radii on each side of the midline, extending outwards and laterally towards the costal insertions, and a further two on each side of the midline passing more posteriorly to- As a check on the findings and on the effects of prolonged storage in fixation, all measurements were repeated in one-half of the specimens after they had been stored in fcrmalin for periods of up to five months. The repeat counts tended to be very slightly higher than the original counts but differed by less than 5%.
The mean volume of diaphragmatic muscle for each case was taken simply as tne product of the mean area and the mean thickness.
Histological examination was made of 66 sections from 12 diaphragms, taken from a variety of muscle thicknesses and all anatomical regions.
The height and weight of the body and the weight of the heart were obtained at the time of necropsy in the usual way, and have been compared with the diaphragmatic measurements in the following account.
RESULTS
The mean volume of the diaphragmatic muscle in the 14 male chronic bronchitics was significantly less than in the 15 male controls (Tables I and II) . The mean muscle volume of diaphragms from female controls was lower than in male controls, and was lower still in the one female chronic (Fig. 1) . The mean thickness of muscle was reduced from 0 29 cm in male controls to 0 23 cm in male bronchitics. In female controls, the mean thicknesses, areas, and volumes were less than in the male controls, being 0 23 cm, 296 cm2, and 68 7 cm3 respectively. They were in fact similar to the values in male chronic bronchitics.
Only one female chronic bronchitic died during the research period. The mean muscle thickness was 0 20 cm, the mean muscle area 210 cm2, and the mean muscle volume 42-0 cm3.
Applying the Mann-Whitney U Test (Siegel, 1956) to the results, U was found to be 35 for the area (P<0-02), 17 for the thickness (P<0-002), and 14 for the volume (P<0-002). This indicates that the probability of such an extreme distribution of results for thickness and volume occurring by chance was less than 1 in 500, and for area less than 1 in 50.
In order to decide whether the differences between the two male groups were the direct result of chronic bronchitis or were produced by some other variable influenced by chronic bronchitis, the diaphragmatic measurements were plotted against ages, body weights, and heart weights. No significant relationship could be found with age or heart weight. However, some conspicuous associations could be demonstrated with body weight and, to some extent, with body height.
When the mean muscle thickness of the diaphragm was compared with the body weight, the slope of the male control group curve was not regarded as significant, but that of the male bronchitic group showed a significant correlation at the 5% level. Although the relationship between the body weight and mean muscle thickness in the male controls was not close enough to be statistically significant on its own, it was sufficient to make the difference in mean thickness between controls and bronchitics most likely dependent on the differences in body weights, because the ratio between weight and thickness in the bronchitics was significant.
When the mean muscle area of the diaphragm was compared with the body weight, a closer association was demonstrated. In the male control group the correlation coefficient was 0 66, the slope being given by the equation: Area=143 5 3 OxBW (t=3 2 with 13 degrees of freedom). This is significant at the 1 % level. For the bronchitics the findings were very similar, correlation being 0 68 and area= 1427 +27 x BW (t=3 2 with 12 degrees of freedom). The observed differences in the surface area of the diaphragm between control and bronchitic subjects can be attributed mainly to their different body weights.
The mean muscle volume of the diaphragm taken together with body weight distinguishes chronic bronchitics quite sharply from the controls (Fig. 3) Histological examination failed to reveal any consistent abnormality in the bronchitic group. Interstitial fibrosis and fatty infiltration were seen equally in controls and bronchitics. Occasionally a degenerating muscle fibre with a cellular reaction around it was seen, but it was no more frequent in bronchitics than in controls. Muscle spindles were found only occasionally. A pilot trial of quantitating the cross-sectional areas of individual fibres by projecting sections on point-counting screens (MacLeod and Heard, 1969; Hossain and Heard, 1970 ) revealed a considerable variation in fibre size in sections from different areas of the same diaphragm and between different diaphragms in both series. It was, therefore, clear that in order to obtain valid results by this approach, a very great number of sections would require to be counted, and time was not available for such a large additional undertaking. As far as they went, the results obtained suggested a reduction in fibre size in the diaphragmatic muscle of the bronchitic group.
DISCUSSION
The results of this study show that most of the diaphragms from this series of male bronchitics had a marked reduction in their mean muscle volumes, compared with male controls. The reduction in volume distinguished the chronic bronchitics quite sharply from the controls, and body height added almost nothing to the distinction. Two of the heavier bronchitics (cases 18 and 22) had normal sized diaphragms.
A direct relationship between simple diaphragm weight and body weight was demonstrated many years ago in the neglected observations of Fromme (1916) , and the present study confirms it. We cannot confirm, however, her claim that diaphragm weight correlated with heart weight, partly perhaps because coronary artery disease and hypertension form a greater proportion of necropsies nowadays than in 1916.
The finding of a lower body weight at necropsy in male chronic bronchitics than in male controls has not been recorded before, but clinical workers are familiar with weight loss in severe chronic bronchitis, especially in the terminal stages, and underfeeding through dyspnoea is thought to be important (Wilson, Wilson, and Farber, 1964) . However, diaphragmatic muscle volume appears to be a much better index of chronic bronchitis than body weight alone and bronchitics in the same body weight ranges (Table IV) have smaller diaphragms than controls. One explanation may be that the excursions of the diaphragm are greatly limited by persistently inflated lungs and that the dome is flattened. Radiologists are familiar with the poor movements of the diaphragm in chronic bronchitis during screening of the chest. In the present series, the diaphragm was no smaller in those cases in which there was severe emphysema pathologically (cases 19, 20, and 22) . Another explanation for smaller diaphragms may be reduced physical activity due to prolonged chronic bronchitis. We ascertained the occupation and amount of physical activity taken by all our cases in the year before their death. Some of the controls were very fit manual workers who died suddenly (e.g., cases 2, 6, and 15) and they did indeed have large thick diaphragms and their bodies were also heavier than average. Less active patients, such as case 8 who had been hemiplegic for four years before death, had low body weights and case 8 had the smallest diaphragm of the controls.
Clearly, in some of the chronic bronchitics other factors were very important in producing weight loss, e.g., rheumatoid arthritis and oesophageal carcinoma (case 17), and gastric carcinoma (case 25). These two patients had the lowest diaphragmatic dimensions of all the males. There was no correlation between the dimensions of the diaphragm and the number of cigarettes smoked.
From the physiological point of view it is interesting that the present study shows some evidence of shrinkage of the diaphragm in chronic bronchitis even beyond that explicable by the lower body weight of bronchitics compared with controls. We cannot confirm the claims of others, such as Wyatt, Fischer, and Sweet (1963) , that the diaphragm is hypertrophied in chronic airways obstruction. Our findings are more in line with the views of Barach (1956) , based on radiographic evidence, that inadequate use predisposed it to atrophy. The flattened diaphragm seen in patients with chronic airway obstruction is a cause of disability not only because of its diminished vertical excursion, but also because it opposes the other muscles of inspiration which attempt to move the ribs outwards (Campbell, Agostoni, and Davis, 1970) .
In contrast, although we have not yet studied the diaphragm in sufficient asthmatics to warrant publication at the moment, initial results indicate a work hypertrophy of the muscle not associated with increased area nor with body weight. According to Campbell and co-workers (1970) , the diaphragm in asthma appears to contract more forcibly than normally, but because of its poor mechanical advantage, being depressed, it probably contributes less to the external mechanical work of breathing.
In 1928. Hitzenberger claimed to demonstrate atrophy of muscle fibres, interstitial fibrosis, and pseudohypertrophic lipomatous degeneration in the diaphragms of patients with emphysema. More recently, French workers (Brun and Pozzetto, 1958; Brun and Perrin-Fayolle, 1959) have quoted Hitzenberger in support of a hypothesis that pulmonary emphysema has a diaphragmatic aetiology. Our histological examination of diaphragms by light microscopy in the present study has revealed negligible differences between controls and bronchitics. Our pilot quantitative histological study suggested that the only acceptable difference between controls and bronchitics might be shrinkage of muscle fibres relating to the shrinkage observed in the muscle as a whole. There was no special link with emphysema.
